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Single-Shot Readout of a Single Nuclear Spin
Projective measurement of single electron and nuclear spins has evolved from a gedanken experiment to a problem relevant for applications in atomic-scale technologies like quantum computing. Although several approaches allow for detection of a spin of single atoms and molecules, multiple repetitions of the experiment that are usually required for achieving a detectable signal obscure the intrinsic quantum nature of the spin's behavior. We demonstrated single-shot, projective measurement of a single nuclear spin in diamond using a quantum nondemolition measurement scheme, which allows real-time observation of an individual nuclear spin's state in a room-temperature solid. Such an ideal measurement is crucial for realization of, for example, quantum error correction protocols in a quantum register.
S ince the birth of quantum computing, researchers have sought scalable roomtemperature systems that could be incorporated as quantum coprocessors. Much enthusiasm arose when room-temperature nuclear magnetic resonance (NMR) quantum computers were developed (1) . However, these are essentially classical as they lack the ability to initialize and read out individual spins at room temperature (2) . Recent efforts have focused on the development of ultracold quantum processors like trapped ions and superconducting qubits which operate at millikelvin temperatures (3). Electronic and nuclear spins associated with nitrogen-vacancy (NV) centers in diamond have been shown to be a roomtemperature solid-state system with exceptionally long coherence times that fulfills most of the requirements needed to build a quantum computer (4-7). However, it lacked single-shot readout (8) , and hence only the cryogenic version was considered to be applicable for most quantum information applications. For example, projective readout enables testing Bell-type inequalities and active feedback in quantum error correction protocols. Here, we experimentally showed singleshot readout of a single nuclear spin in diamond. Our technique is based on the repetitive readout of nuclear spins (9) and the essential decoupling of the nuclear from the electronic spin dynamics by means of a strong magnetic field (10) .
The fluorescence time trace of a single NV center shown in Fig. 1B represents the real-time dynamics of a single nuclear spin and exhibits well-defined jumps attributed to abrupt, discontinuous evolution of the nuclear spin state (quantum jumps). The spin used in our experiments belongs to the nucleus of the nitrogen atom [ 14 N; nuclear spin I = 1 (11)] of a single NV defect in diamond (Fig. 1B) . In essence, the measurement sequence consists of a correlation of the electron spin state of the NV color center with the nuclear spin state and a subsequent optical readout of the electron spin, which exhibits the nuclear spin state. Therefore, initially the electron spin is optically pumped into the electron spin sublevel j0 e 〉 (m S = 0) of its triplet ground state (S = 1) (8), leaving the nuclear spin in an incoherent mixture of its eigenstates ðjm I ¼ 〉Þj−1 n 〉, j0 n 〉, and j1 n 〉 (here and below states are defined according to electron and nuclear magnetic quantum numbers, m S and m I ). The application of a narrowband, nuclear spin state-selective microwave (MW) p pulse flips the electron spin into the j−1 e 〉 state conditional on the state of the nuclear spin. This operation is equivalent to a controlled not (CNOT) operation (Fig. 1A) , in that it maps a specific nuclear spin state onto the electron spin (e.g., j −1 n 〉j0 e 〉 → j−1 n 〉j−1 e 〉, j0 n 〉j0 e 〉 → j0 n 〉j0 e 〉). This is possible because of the long coherence time of the NV center, providing a spectral linewidth of the electron spin transitions narrow enough to resolve the hyperfine structure. Because the fluorescence intensity differs by roughly a factor of 2 for electron spin states j0 e 〉 and j−1 e 〉 (8, 12), these target states can be distinguished by shining a short laser pulse. This destroys the electron spin state but leaves the nuclear spin state population almost undisturbed under the experimental conditions. Thus, repeated application of this scheme allows nondestructive accumulation of fluorescence signal in order to determine the nuclear spin state optically.
The fidelity F to detect a given state in a single shot [reaching F = 92 T 2% in our experiments (13)] can be extracted from the photoncounting histograms ( Fig. 2A) , which show distinguishable peaks corresponding to different nuclear spin states. The fidelity is limited by the measurement time (bounded by relaxation time of the nuclear spin), fluorescence count rate, and magnetic resonance signal contrast. Further improvement in readout speed can be achieved by engineering of photon emission into photonic nanostructures (14) . A consecutive measurement of the same spin state gives an identical result with a probability of (F 2 ) of~82.5% (Fig. 2C) . Such a correlation between consecutive measurements is the signature of so-called quantum nondemolition (QND) protocols (15) . For the nitrogen nuclear spin qubit initially in a superposition of two states, the measurement affects its state by projection into one of the eigenstates, but does not demolish it (as happens with photons arriving at a photomultiplier tube or fluorescent atoms that are shelved in a dark state, which is not a qubit state). Hence, the same nuclear spin eigenstate can be redetected in consecutive measurements.
The difference between projective measurement and a practical QND has been analyzed in detail (16, 17) and can be summarized as three conditions that must be simultaneously fulfilled in order to have a true QND measurement. Our system observable is the nuclear spin % I z , our probe observable is the electron spin % S z , and their Hamiltonians are H n and H e , respectively (13). The interaction Hamiltonian H i for our case is separable H i = H A + H p , where H A describes the hyperfine interaction and H p represents the MW field applied in the experiment.
The first condition for QND is simply that the probe observable % S z must be measurably influenced by the system observable % I z that we desire to measure. Therefore, the interaction Hamiltonian H i has to depend on I z and must not commute with the probe observable % S z (½ % S z , H i ≠ 0) (16, 17) . These demands are met by the CNOT gate. The corresponding Hamiltonian
preparing the electron spin in a superposition state rather than in an eigenstate before the action of H p (18) .
The second QND condition requires that the system observable state I z be stable with respect to back action of the measurement. This translates to the requirement that the system Hamiltonian must not be a function of the observable's conjugate ( % I x or % I y ) in order to avoid back action of the measurement, which imposes a large uncertainty on the conjugates. In our case, this condition is fulfilled as long as the applied magnetic field is exactly parallel to the NV center symmetry axis (13) .
The third condition is that the probe and system observables, % S z and % I z in our case, should not be mixed by any interactions that are neither intrinsic to the material nor created by the action of the MW or laser probes (i.e., that the nuclear spin is well isolated from the environment). In other words (16, 17) , the interaction Hamiltonian must commute with the observable (½ % I z , H i ¼ 0). Fulfilling this condition perfectly is an impossible task for any experimental system, particularly in the solid state. However, defect center spins in diamond are very close to an ideal system for QND measurements. In the case of the NV center, the nuclear spin-selective MW pulse on the electron spin does not act on the nuclear spin subspace (hence ½ % I z , H p ¼ 0). However, the hyperfine coupling tensor A ¼ contains contributions parallel and perpendicular to the symmetry axis of the NV center (A ∥ and A ⊥ ), and the perpendicular component is responsible for an undesirable mixing. The first term of the hyperfine Hamiltonian
is noncommuting with % I z and therefore induces nuclear-electron spin flip-flop processes. This mixing is responsible for the quantum jumps in Fig. 1B . The key to succeeding at QND measurements is therefore to make this jump time longer than the measurement time.
To quantify the hyperfine induced flip-flop rate, assume an isotropic case (A ∥ ≃ A ⊥ ≃ A) and use the measured A ∥ = 40 MHz in the excited state (19, 20) . Electron-nuclear spin dynamics occur on a time scale of 2/A ⊥~5 0 ns in the vicinity of excited-state level anticrossing at magnetic field B = 50 mT (19, 21) (Fig. 3A) . Relaxation in the ground state is expected to be slower owing to a much weaker hyperfine coupling (13) and can be neglected here. The relaxation process slows down when the magnetic field along the NV symmetry axis is increased owing to the growing energy mismatch between electron and nuclear spin transitions due to increasing Zeeman shifts (Fig. 3A) . A detailed analysis (13) and experimental data (Fig. 3B) show that the relaxation rate g depends on the detuning d from the level anticrossing (1.42 GHz) as g ∼ ðA . Left and right peaks correspond to the dark (j−1 n 〉) and bright (j0 n 〉, j+1 n 〉) states, respectively. By setting a threshold (red line), the nuclear spin state j−1 n 〉 (fluorescence below threshold) can be distinguished from the other nuclear spin states (fluorescence above threshold). For the given lifetimes at 0.65 T and fluorescence levels, the fidelity to detect a given state correctly is 92 T 2%. (B) Conditional nuclear spin Rabi oscillations and histograms. The wire diagram on top illustrates the conditional Rabi sequence. Only if the measurement outcome is j−1 n 〉, a resonant radio-frequency (rf) pulse of certain length is applied on the nuclear spin transition j−1 n 〉 ↔ j0 n 〉 and a subsequent measurement is performed. Otherwise the sequence is restarted immediately. (C) Conditional histograms. Two consecutive QND measurements have a high probability (≈82%) of giving the same outcome (lower histogram). If a rf p pulse is applied after detecting j−1 n 〉, this probability drops to ≈33% (upper histogram). Possible reasons for the Rabi contrast of <1 are, for instance, the setup instability and imperfect initialization and readout of the electron spin. ]. (C) At every point in time, all three nuclear spin states were measured directly and a time trace was acquired. The upper graph shows a part of the corresponding quantum state trajectory (computer fit to the data as in Fig. 1C) . The lower graph is the transition matrix calculated from analyzing~10,000 quantum jumps. Off-diagonal elements represent spin-flip probabilities and diagonal elements represent the probability of remaining unchanged. The probabilities are proportional to spin flip rates under continuous application of the readout sequence. Error bars indicate the uncertainty in nuclear state lifetime measurements. 
. Experimental data confirm this behavior (Fig. 3B) . This dependence also explains why quantum jumps were not observed in previous experiments with NV centers performed at low magnetic fields [similar magnetic field-enabled decoupling of nuclear spin was proposed recently for alkaline earth metal ions (10, 22) ]. The dominance of flip-flop processes is also visible in the quantum state trajectory of the nuclear spin shown in Fig. 3C (top) . Here, jumps obey the selection rule Dm I ¼ T1 imposed by the flip-flop term H A . From analyzing the whole quantum state trajectory, a matrix showing the transition probabilities can be obtained (Fig. 3C, bottom) .
Single-shot measurement of a single nuclear spin places diamond among leading quantum computer technologies. The high readout fidelity (92%) demonstrated in this work is already close to the threshold for enabling error correction (23) , although the experiments were carried out in a moderatestrength magnetic field. Even though the optical excitation induces complex dynamics in the NV center (including passage into singlet electronic state), the nuclear spin relaxation rates are defined solely by electron-nuclear flip-flop processes induced by hyperfine interaction. Therefore, we expect improvement of T 1 by two orders of magnitude (reaching seconds under illumination) when a magnetic field of 5 T is used. This will potentially allow readout fidelities comparable with that achieved for single ions in traps (24) . The present technique can be applied to multiqubit quantum registers (5, 6, 25) , enabling tests of nonclassical correlations. Finally, singleshot measurements open new perspectives for solid-state sensing technologies. Spins in diamond are considered to be among the promising candidates for nanoscale magnetic field sensing (26, 27) . Currently their performance is limited by photon shot noise (26) : "Digital" QND will provide improvement over conventional photon counting in the case of short acquisition time. This requires that the electron spin state used for magnetic field sensing can be mapped onto the nuclear spin with high accuracy, but this was already shown to be practical in NV diamond (5) .
